Context: Anaplastic thyroid carcinoma (ATC) is associated with rapid tumor growth and extremely poor prognosis. Although ATC is found in only 2% of all thyroid carcinomas, it accounts for up to 50% of thyroid cancer mortality.
Context
By definition, anaplastic thyroid carcinoma (ATC) is an undifferentiated thyroid cancer that exhibits immunohistochemical or ultrastructural features indicative of epithelial differentiation. ATC is a rare cancer representing only 1% -2% of thyroid carcinomas. However, it is considered the most lethal thyroid cancer, accounting for thirty-eight to fifty percent of all thyroid cancer mortality. The median survival is poor (3 -10 months) (1), likely due to rapid growth (20 -24 hour doubling time in cell culture (2, 3) and observed radio-and chemo-resistance. In the limited space of the neck, anaplastic thyroid cancer rapidly invades vital neurovascular and visceral structures and becomes a real challenge for all modalities of therapy. To date, we still do not have a treatment paradigm that significantly changes the course of this disease or improves outcomes. In this review, we examined the results from well-designed studies with different interventions, to find a meaningful improvement in the median survival of the patient with this difficult and fatal disease.
Methods

Data Sources and Searches
Inclusion and Exclusion Criteria
We included studies that met all of the following criteria: (i) Comparing patients receiving any type of therapy pertaining to anaplastic thyroid cancer (ii) measuring survival as primary outcome or percentage of patient surviving more than 1 year as secondary outcome. We did not limit sample size or subject condition. One author (BS) assigned the study level of evidence. Case reports, review articles, and non-therapy related reports were excluded (Figure 1 ).
Data Extraction
Data were extracted from full-text articles independently by three review authors (BS and SYL and HMA) using a standardized form. Disagreements were identified and discussed with the third author (BS). The extracted information included author name, country where study was conducted, publication year, study methodology (study design, method of randomization, inclusion and exclusion criteria, primary and secondary endpoint, and dropout rate), patients' baseline characteristics, and study interventions (surgery, chemotherapy, radiation therapy, combined therapy). The outcomes of each study were extracted and compared. The studies chosen for this review are categorized based on the levels of evidence (Table 1) .
Results
A total of 40 articles were reviewed and 25 articles met criteria for inclusion. These included clinical trials, metaanalysis, prospective cohorts and retrospective chart reviews.
Surgery
For some cases of ATC, surgery may impact outcome. In a Japanese cohort of 677 patients (547 patients with common type ATC and 130 patients with other types-incidental anaplastic carcinoma, anaplastic transformation in lymph node and transformation in distant metastasis (5), the extent of surgery clearly modified the observed outcomes (level of evidence III). Patients in stage IVA (n = 69), IVB (n = 242) and IVC (n = 223) who had radical surgery had significantly higher median survival days, and 6 months and 1-year survival rates compared to patients in the same stage with palliative or no surgery. However, patients were not randomly assigned to radical surgery, so a selection bias should be taken into consideration.
Another retrospective single institution study from Finland demonstrated a similar outcome for 44 patients with anaplastic thyroid cancer (level of evidence III) (6). The median survival among patients with ATC was 3.1 months. Long term survivors were stage N0M0 at presentation. Patients who underwent radical surgery had a longer median survival (11.6 months) compared to patients who underwent palliative surgery (3.2 months). In addition, patients who had multimodal therapy had a longer median survival (11.8 months) (level III evidence) (6) .
Similarly, in a 25-year retrospective study from a single institution (Memorial Sloan Kettering Cancer Center) (7), the medical records of 83 patients were analyzed. Median survival time was 8 months. The disease specific survival rate was 33% for 1 year and 23% for 2 years. The group without therapy only survived 2 months. Absence of residual gross tumor (R0 or R1) after surgery was associated with the best outcomes. Patients without gross residual disease after resection were 2 times less likely to die compared to those with gross residual tumors (R2/X) after resection (level IV evidence). Additional statistically significant predictors of improved survival were age less than 60 years, clinically N0 neck, absence of clinical extra thyroidal extension, and multimodality treatment (7). 
II
Evidence obtained from at least one well-designed experimental study. Randomized trials with high false positive and/or negative errors (low power).
III
Evidence obtained from well-designed, quasi-experimental studies such as non-randomized, controlled single group, pre-post, cohort, time or matched case-control series.
IV
Evidence from well-designed, non-experimental studies such as comparative and correlational descriptive and case studies.
V
Evidence from case reports and clinical examples.
In a study by Sugitani et al. (8) 233 patients with stage IVB were evaluated retrospectively. Outcomes of patients who underwent super-radical resection (n = 23) were compared to patient who underwent curative surgery (n = 49), palliative surgery (n = 72) or no surgery (n = 80). The oneyear cause-specific survival rate for patients who underwent super-radical surgery was similar to patients who underwent restricted curative surgery, and significantly better than patients who underwent palliative surgery or no surgery (level IV).
Unfortunately, because most patients have extensive disease at initial diagnosis, a large percentage of ATC patients may be inoperable or operable for palliation alone. As expected in any observational study, the selection of patients for surgery would have an impact on the outcome and represents a selection bias. Nonetheless, once the indication for surgery is confirmed, rapid tumor extirpation with no residual disease should be the goal. Due to the rapid tumor expansion often observed in ATC patients, urgent examination and tumor imaging are also essential. Tumor biology suggests that there is only a narrow window from diagnosis and the ability to achieve a definitive surgical intervention. Loss of this window is likely to allow for airway palliation only.
Single Agent Chemotherapy
Paclitaxel as a single agent is used for treatment of ATC. Paclitaxel is one of several cytoskeletal drugs that target tubulin (Figure 2) . In a two dose randomized phase 2 clinical trial including 20 patients, 120 mg/m 2 or 140 mg/m 2 of paclitaxel was infused for 96 hours. Because of rapid tumor proliferation, the durability of response at 2 weeks was chosen as the primary endpoint of the study. Among 19 evaluable patients, 1 patient had complete response and 9 patients had partial response at 2 weeks. Paclitaxel was the first single agent found to have significant activity against ATC; however, it does not alter the lethality of the disease (level of Evidence II) (9) . In a study done by Onoda et al. (10) feasibility and efficacy of weekly paclitaxel administration in patients with ATC was investigated. Fifty-six patients were treated with weekly paclitaxel. The median overall survival was 6.7 months, and 6 months survival rate was 54%. None of the patients with an evaluable lesion reached complete remission. Partial remission was reached in 21%, stable disease was seen in 52%, and progressive disease was seen in 19% of the patients (level of evidence III).
Multi Agent Chemotherapy
In 1995 the Japanese Society of Thyroid Surgery published a combined modality chemotherapy regimen including cisplatin, doxorubicin, etoposide, and peplomycin with support of granulocyte colony-stimulating factor (G-CSF) (11) . In this pilot study, 17 ATC patients with an average age of 66 years received combination therapy every 3 weeks. The treatment consisted of drip intravenous infusion (DIV) of cisplatin (40 mg/m 2 ) on day 1, doxorubicin (60 mg/m 2 ) on day 1, etoposide (100 mg/m 2 /day) on days 1 -3, subcutaneous (SC) injection of peplomycin (5 mg/kg/day) on days 1 -5, and SC injection of G-CSF (2 µg/kg/day) on days 6 -14. Local radiation therapy was added for patients in whom it was indicated. Among 10 patients who had a measurable lesion with advanced disease, only 2 patients experienced partial remission lasting 2 to 3 months. Six of seven patients were treated with the same modality of treatment as an adjuvant to surgery. Three died of progressive disease after 3 -7 months, and 3 others survived for 3 -11 months. Bone marrow toxicities were the major limiting factor despite use of G-CSF administration. The overall poor outcome of the study (none of the patients survived beyond 11 months) coupled with severe toxicity makes it a less attractive approach for ATC treatment (level of evidence II) (11).
Radiation Therapy
Radiation therapy has been considered in the management of ATC. In a meta-analysis done by Kwon et al. (12) seventeen retrospective studies including 1147 patients were analyzed. This study showed that post-operative radiation therapy significantly decreased mortality in patients with resected ATC compared with those with surgery alone (HR, Int J Endocrinol Metab. 2019; 17(1):e67759.
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Salehian B et al. with no radiation therapy correlated with overall survival (level of evidence I). However, patients were not randomly assigned to treatment groups in this study and selection bias should be considered. In a study conducted between 1991 and 1995, 17 patients received standard radiation therapy given twice daily using photons of 5 -8 MV (1.8 Gy a.m. and 2.0 Gy p.m.). Treatment was given 5 days a week with a minimum 6-hour gap between fractions to permit adequate normal tissue repair. The initial phase comprised of 30.4 Gy in 16 fractions over 10 -12 days. The second phase followed without a gap, using a computerized tomography (CT) planned volume to the sites of initial disease to give another 30.4 Gy in 16 fractions in 10 -12 days. Field arrangements were chosen to ensure that the total spinal cord dose did not exceed 40 Gy. All 17 patients died between 1.5 to 20 months after diagnosis. A single patient achieved complete local response but died 20 months later from metastasis. Approximately 6 weeks passed from the start of accelerated radiation therapy to time of recovery from grade 3 and 4 toxicity. Complete or partial response was achieved in 10 patients, but it was short-lasting with the median survival of only 10 weeks. Significant radiotoxicity and the small benefit gained from radiotherapy renders this, as a single modality therapy, unadvisable (level of evidence III) (14).
Combination Chemo-and Radiation Therapy
Combination chemo-radiation therapy (CRT), preferably following neck surgery, has been evaluated in multiple small series of patients with ATC. Different chemotherapy combinations together with 45 -60 Gy of radiation therapy have been reported. Cisplatin, doxorubicin, and 5-fluouracil, in combination, showed substantial undesirable toxicities (level of evidence III) (15) . The addition of docetaxel weekly to radiation therapy showed a local control benefit, although, it did not ultimately impact metastatic progression and was associated with a short survival rate (level of evidence III) (16) . The partial improvement of outcome in resectable, not yet metastasized, ATC observed with the addition of docetaxel may be due to a radiosensitization effect. Intensity modulated radiation therapy (IMRT) using a 2 Gy daily fraction up to a total dose of 60 Gy in combination with weekly 10 mg/m 2 docetaxel, starting at day 1, was able to control disease in a small group of 6 patients. Complete remission was achieved in 2 patients while partial remission was achieved in 3 patients. A single patient displayed stable disease. The median duration to progression in this small cohort was 154 days (level of evidence IV) (16) . Multimodality therapy was associated with longer survival in a study of 83 patients with ATC over 25 years (level of evidence III). In this study, age less than 60 years old, lack of extrathyroidal extension, and N0 neck stage were also associated with better outcomes (5). Mayo Clinic reported on a retrospective cohort of 48 patients, 18 receiving palliative intent, and 30 treated with multimodal therapy including surgery when feasible, combination taxane-based chemotherapy, and intensity modulated radiation therapy (17) . Overall survival for patients who received multimodal therapy was 9 months vs. 3 months in patients with palliative therapy. However, in patients in stage IVC, overall survival did not significantly differ with therapy (18) . In a report from Japan of combination chemo-radiotherapy for ATC with cisplatin, 5-fluorouracil and doxorubicin, a 6-month survival rate of 57% (12 from total 21 patients) was achieved, and 33% (7 patients) survived more than 1 year A single patient with partial response, prognostic index (PI) = 0, survived 2 years and 9 months. Radiosensitizing chemotherapy was effective for patients with low prognostic index (PI ≤ 1) as part of aggressive therapy, and for patients with high prognostic index (PI ≥ 3) for palliative intent. Adverse effects for CRT related toxicities were mainly grade 2 or grade 3 with the most common adverse effect being leucocytopenia which was observed in 11 patients (52%) (level of evidence III) (19) . For two cases, complete eradication of the anaplastic tumor in the neck was observed after radical neck surgery and postoperative chemoradiation. However, new metastatic lesions in the lungs were discovered a few months later. In the Memorial Sloan-Kettering experience, the absence of clinical extrathyroidal extension, use of multimodality therapy, and gross total resection were predictors of improved outcome. Patients treated with multimodality therapy were 3 times less likely to die (level of evidence III) (7). Data from this series suggested that chemosensitizing radiation therapy prolonged survival (level of evidence IV), and that the presence of element differentiation in the tumor or in the metastatic lesions had a positive impact on improving survival (Table 2 ).
New Regimen Modalities
Fosbretabulin
Fosbretabulin, also known as combretastatin A-4 phosphate (CA4P), is a stilbenoid phenol derived from the African bush willow. It is a prodrug that dephosphorylates in vivo to form combretastatin, which binds to tubulin Int J Endocrinol Metab. 2019; 17(1):e67759. 5 (21) . Fosbretabulin was well tolerated having 9 patients (35%) with grade 3 toxicity and 1 patient (4%) with grade 4 toxicity. One out of four patients with QTc prolongation had to stop treatment (level of evidence III) (21) . The median survival time was 4.7 months (95% CI, 2.5 -6.4 months) while 6-month survival was 34% and 1-year survival was 23%.
Fosbretabulin Combined with Chemotherapy
In a phase 2 study of 80 patients, combination chemotherapy using carboplatin and paclitaxel (CP) was tested with and without fosbretabulin. Patients were randomly assigned into two groups (24) . For the first group, fosbretabulin (60 mg/m 2 ) was administered every cycle (days 1, 8, and 15) combined with paclitaxel (200 mg/m 2 ) and carboplatin area under the curve (AUC) (6 mg/mL/min) (day 2 every 3 weeks) (fosbretabulin + CP) for 6 cycles. For the second group, 6 cycles of paclitaxel (200 mg/m 2 ) and carboplatin AUC (6 mg/mL/min) were given on day 1 every 3 weeks (CP alone). After 6 cycles, patients in the fosbretabulin + CP group that did not show progression could continue fosbretabulin on day 1 and 8 of a 3-week schedule until progression. The median survival for the fosbretabulin + CP group was 5.2 months compared to only 4 months for the CP alone group (P = 0.22). For both groups, the median survival was less than 6 months, and there was no significant improvement in any outcome measured. The only difference between the two groups was the percent of patients who survived more than one year, 26% in fosbretabuline + CP compared to 9% in CP alone. The regimen was well tolerated (level of evidence II) (21).
Peroxisome Proliferator-Activated Receptor Gamma (PPAR-γ) Agonist Efatutazone
Peroxisome proliferator-activated receptor gamma (PPAR-γ) agonists induce insulin sensitivity through adiponectin pathway. They also promote differentiation of preadipocytes to adipocytes, and activate PPAR-γ, which 6 Int J Endocrinol Metab. 2019; 17(1):e67759.
promotes terminal differentiation of certain tumor cells. Among PPAR-γ activators, the compound CS-7017 (efatutazone) (22) , a selective PPAR-γ activator with 40 times more potency to activate PPAR-γ receptor compared to rosiglitazone, has a strong differentiating effect, preventing the proliferation of ATC in both cell culture and preclinical xenograft models. In a Phase 1 study of 14 participants with solid tumor, edema and anemia were the most significant and common side effects and no limiting toxicity was observed (level of evidence III) (25) . The recommended dose was 0.5 mg BID. A single patient achieved partial remission, and 3 partial responses were observed. A multicenter Phase 2 study of efatutazone (3 different doses) with 2 doses of paclitaxel (either 135 or 175 mg/sqm) was reported from Mayo Clinic. The median times to disease progression were 48 and 68 days in patients who received 0.15 mg and 0.3 mg of efatutazone with paclitaxel, respectively, and the corresponding median survival was 98 vs. 138 days (level of evidence II) (26) . Two subjects (stage IVC) received eftutazone 0.5 mg BID alone and incurred progressive disease. The clinical use of efatutazone was discontinued in 2015 (level of evidence III) (20).
Tyrosine Kinase Inhibitors
Sorafenib is the first oral multi-kinase inhibitor developed that targets Raf kinases (Raf-1, wild-type B-Raf and braf V600E) mutations, receptor tyrosine kinases associated with angiogenesis such as vascular endothelial growth factor receptor (VEGFR) 1 -2 and -3, platelet-derived growth factor receptor (PDGFR)-β, and receptor tyrosine kinases associated with tumor progression (Flt-3, c-kit) . Favorable clinical experience led to approval of sorafenib for treatment of radioiodine-resistant metastatic papillary thyroid carcinoma. Use of sorafenib as an oral small-molecule tyrosine kinase inhibitor, which also blocks VEGFR-1, -2 and -3 (23, 27) , was investigated in ATC patients in a phase 2 study with 20 patients. Sorafenib at 400 mg twice a day achieved partial response in 2 patients and disease stabilization in 5 patients. Median progression free and overall survival was 1.9 months (CI 1.3 -3.6 months) and 3.9 months (CI 2.2 -7.1 months), respectively. The 6-months and 1-year survival rates were 30% and 20%, respectively. Anemia and hyponatremia were the most common side effects (level of evidence III).
Pazopanib is an oral tyrosine kinase inhibitor that blocks VEGFR. Pazopanib demonstrated impressive activity in progressive metastatic differentiated thyroid cancer (DTC), but in a multi-instutional phase 2 trial of advanced ATC, pazopanib monotherapy demonstrated minimal clinical benefit in 15 patients without confirmed RECIST tumor responses. The treatment was discontinued because of disease progression (12 patients), intolerability (2 patients) and death on study (1 patient). Median time to progression and survival were 62 and 111 days, respectively. Two patients were alive with progressive disease 9.9 months and 2.9 years after registration. The most common severe adverse effects were hypertension (13%) and laryngopharyngeal pain (13%) (level of evidence III) (28) .
Lenvatinib is an oral inhibitor of VEGFR 1, 2, and 3, fibroblast growth factor receptors 1 through 4, plateletderived growth factor receptor α, RET, and KIT. In an openlabel, non-randomized, multicenter, phase II study of 11 patients with ATC, lenvatinib had a safety profile comparable to previous clinical studies and had manageable toxicity using dose reduction and interruption. Lenvatinib demonstrated promising anti-tumor activity with 3 patients showing an objective response rate and 7 patients showing stable disease. The median progression free survival and median overall survival times were 7.4 and 10.6 months, respectively (level of evidence IV) (29) . Also a case report from Japan showed significant amelioration of tracheal stenosis following lenvatinib in a patient who had ATC with bronchial and mediastinal infiltration. The patient had failed radiation and chemotherapy prior to receiving lenvatinib (30) . A phase II trial of lenvatinib, an open label, single arm, multi-center study for the treatment of ATC was prematurely stopped due to not reaching the minimum outcome expected.
Combined Tyrosine Kinase Inhibitors
In May 2018, United States Federal Drug Agency (FDA) approved the combination of dabrafenib plus trametinib for the treatment of ATC with BRAF (B-Raf Proto-Oncogene, Serine/Threonine Kinase) mutation. Dabrafenib is an inhibitor of some mutated forms of BRAF kinases of V600E (IC50 of 0.65 nM), V600K (0.5 nM) and V600D (1.84 nM). Dabrafenib also inhibits wild type BRAF and CRAF kinases. Dabrafenib and trametinib target two different kinases in the RAS/RAF/MEK/ERK pathway (Figure 3) .
In a phase II study of dabrafenib and trematinib, the overall response rate was 69% among 16 patients who enrolled in this study, with a median follow-up of 47 weeks. All patient had unsuccessful prior therapy including surgery/and or radiation therapy or other systemic modalities of therapy (level of evidence: II) (31). The FDA decision was based on the nine cohort of non-randomized trial of advanced, or non-surgically resectable, or metastatic ATC where no other loco-regional alternative therapy option (32, 33) . A complete response was observed in 4% of patients and partial response in 57% for an overall response rate of 61% (95% CI 39% -80%). All 23 patients had the BRAF mutation. The response of 6 months duration lasted in 64% of the responders. Adverse reactions were similar to other previously approved modalities of therapy. The dose employed in these studies was dabrafenib 150 mg PO twice daily and trametinib 2 mg once daily. These studies showed for the first time that in ATC a combination therapy changed the course of the disease, albeit to a modest degree, but is nonetheless, considered a significant advance in care for, what is otherwise, a rapidly fatal disease (31) .
A major side effect of dabrafenib is cardiomyopathy and secondary congestive heart failure. Therefore, left ventricular ejection fraction needs to be assessed before and monitored during therapy. Other major side effects of dabrafenib are uveitis, hyperpyrexia, severe hyperglycemia and serious skin toxicity. It is important that patients with ATC who are treated with dabrafenib have the BRAF mutation since absence of the mutation may increase the risk of accelerated tumor proliferation.
Trametinib is a reversible mitogen-activated extracellular signal-regulated kinase 1 (MEK1) and MEK2 inhibitor. MEK 1 and MEK 2 are upstream of extracellular signal related kinase (ERK) pathway. ERK promote cell proliferation. Interestingly, BRAF V600 E is autonomously and constitutively activates BRAF pathway, which in turn induces activation of MEK1 and MEK2. The major side effects of trametinib are colitis and gastrointestinal perforation, deep vein thrombosis, retinal vein thrombosis and left ventricular dysfunction with cardiomyopathy. Also, hyperpyrexia is more frequent when trametinib is used in combination with dabrafenib.
Non-Conventional Therapy
Embolization of the superior and/or inferior thyroid arteries was studied in 7 patients with inoperable ATC. Palliation was observed in breathing (6 patients), swallowing (2 patients), and pain control (4 patients). Stridor disappeared in 2 patients, and bleeding from the tumor stopped in another 2 patients. Five patients felt improvement in their general condition (level of evidence V) (32, 33) . Pallia-tive embolization with polyvinyl alcohol was shown to be safe and conferred a palliative effect. Such treatment may have additional benefits and should be considered prior to surgery.
Conclusions
Treatment of ATC is challenging and most of the time unsuccessful. Early and urgent multidisciplinary approaches using extensive radical surgery, in combination with adjuvant chemoradiation with either docetaxel/pacitaxel or cisplatin, provides the best chance of disease control. Despite the use of aggressive therapy, median survival has not significantly changed over the last 20 years. However, the percentage of patients surviving longer is increasing. One has to consider the best balance of disease control and preservation of function for the patient. Aggressive laryngotracheal resection or esophageal resection may be justified if a complete resection can be achieved with a chance for long-term survival and reasonable function. Based on our experience, rapid intervention and extensive operation might be a factor for prolonged survival. Unfortunately there were no double blind placebo controlled trials returned in review of the PubMed data base. This increases the risk of bias in interpretation of results. Our limited experience with lenvatinib needs to be explored systematically in a prospective double blind study. The combined use of dabrafenib and trematinib is limited to patients with BRAF mutation. Understanding the biology and natural course of ATC and familiarity with advanced resection and reconstruction techniques is essential. We need a better understanding of the underlying biological processes that lead to de-differentiation of thyroid cells. This may eventually provide clues leading to novel ways to intercept disease progression in this challenging cancer.
